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PASSIVE-SOLAR DESIGN CALCULATIONS WITH THE DOE-2 CCIMPUTER PROGRAM

J. F. Kerrisk
J. F. Moore

N. M. Schnurr
B. D, Hunn

Los Alamos Seientiflc Laboratory
Los Alamos, NM 67545

ABSTRACT

The DOE-2 computer program has been modified to
improve modeling of passive-solar buildings by the
addition of the custom weigh ting-ftsctor method.
This paper deecrlbes the therme.1-!oed end air-
temperature calculation procedure In DOE-2.
Assumptions inhurenl in the usc of American
Society of Heating, Refrigerating, and Air-Condi-
tioning Engineers (ASH RAE) prccalculflted and the
c~s[om weighting fnctors are discussed. Cal-
culated results from DO E-2 are compsircd wItlI
measured hesit-extraction rates and air tempcr-
.gtllres for four buildings. These comparisons
lndlc~te [hut DOE-2 can accurately model dlrecl -
gtiln pussivr buildlrlgs and ctm trenl niKhl-ventilM -
tive cuoling and water walls ill ~n ~pproxim~te
manner.

1. IN TR(.)l)UCTION

The DOE-2 computer progr~m ( I ) is usrd to
perform bulldlng enor~ analysis cnlcululion~.
prim~rlly for commercial bulldlnp, It Is onr of the
tnulytlctsl 1001s that C811 bc employrd 1(1
demonstrate compliance with Ihc proposed (m.lcrnl
Building Encr~ PcrformaImc StnndHrds (141:1’S) for
new bulldlngs. Air tempcra(ures incl heal-
@xtrac(ion rates arc calculated by the welghtlng-
factor method, which generally follows the
recommer. datlorm of AS Ntt AE (2), Earllcr versions
of DO E-2 contained Ihrec sets of prectslculu[cd
weighting fnrtors, applicable [o light, medium, and
hamV? rmsiructlotl. Becaus@ these Welghtlng
(actors were dcrlved from convcnt lonnl-bulldlllg
designs, thmy were uneblc to dem?rllw tlw thrrmhl
behavior of direct-gain, passive-nolIr I.sulldlngs (3).
A cuslonl wel~h[lng-factor cmlculntion ~~chnlqur
h~s becrl Implemcnled in DoE-2,1, the Iatrsl
UOrStOn of DO I:-2. using this mcthud, wcigh(lIIg
factors cnn be Calculetd Spcclflchlly for mo~t
rooms. Thesr custom weightln~ factors pPov Idc nn
nm-uru[c description of thp thermul bchnvlrw of
drect~alrr pemlvr buildings.

An Important patt of the ~EIensInn of t) OF,-2
capnbllltles h~s b+en a compnrlson betwwrl
celculelml ●nd measured vqluo!i of ●ir
t?mpuretures ●nd heat -extrnctlon rates for u
number of lent bulldill~i, Compnrlnom with dnlti
from (he direct-gall] test cell ●l tho Los Alamos

Scientific Laboratory (LASL) have been reprted
previously (4). Recent comparisons have been
made with data from two National Bureau of
Standards (NBS) test build; rigs, a direct-gain,
passive-solar residence in Santa Fe, New Mexico,
and a dlrectyain, passive-solar office and
warehouse with a water wait In Pecos,
New Mexico. These comparisons have verified that
DO E-2 can accura[e!y model direr t~ain, passive-
solnr buildings and can account for nighl-
ventilntive cool, ng and water walls in an approxi-
mate manner.

This paper is divided into tIIO major sections, The
firsl describes the methal ~sed to calculatr air
temperatures and heul-extraction rates in I) OE-2.
Assumptions inherent in the prccalculatrd
weighting fnctors and the new custom wcigll[ln~
f~ctors arc discussed, and the importnncc of M
design tcml iikc DO E-2 for commercial buildlngs is
mcn[icmed. The second section of this pnpm
dlsrusscs [he co npnrisons be[wecn mcns~lrcd ciII[n
flom various lCS1 buildings and DO E-2. I resul[s.

2, THE IX)I:-? Ml: Tti Lsl) OF CA L~ULATIO~

The DO E-2 compu!cr program employs Welghtlng
faclors for the culculallon of therm~l loads Mnd air
temperatures, The weighting-factor technique,
first introduced by Mitalas and Stephenson (5), IS
ono of mnrly methods thnl hns been used 01
propcwvo 101 bulirlin~ energy annlysi:$. It represents
a rompromisc bclwccll simpler methods, SUI?II as
ntendv-statp calcul~tions that ignore the ability of
buildil]g muss to sitorc cmcrgy, nmi more complex
methods, such as dctnileri energy -balancr cnlm.
iotl.ms. With the welghtltlg-fwctor method, an
hourly thermM1-lonrl cIIlculntloII Is performed bHswl
on a ph31WICnl desrrlptlon of the bullcling and ttml
hour’% arnblent wcfllhcr conctltlons (nlr temper
●ture, solnr rndlntkwl, wind veloclty, etc, ), Thcso
hsds arc used, nlong with thr charncleris(lrs Mml
●vnllnhillty of hen[inK rmt eooli IIg systems for tlw
builditlg, to cnleululc nlr lemperutures and hcMt-
●xtrsic[lun or addlliorl ratrs,

Ttw In formntlon of prlmnry inl~rest to n hulldin~
deslgnrr IS Ihv hwll-exlrmrtion (or addltlon) r#lr
and ts~r temp~r II IUrV Of a room or bulldltlg 10IW for
a glvml net of cnnl!l lions, I)OE-2 provlde~ thesv
datn hy a two-nt@p prnccrw. In the firnt cstep, thr



air temperature of the zone is sKisumed to be fixed
at some reference value. Instantaneous heat gains
or losses ([he rate a[ which heal enters or leaves
the zone at a given instant) are calculated on the
basis of this constanl temperature. Various types
of heal gains, such as solar radiation entering
wincbws or energy from lighting within the room,
are considered. A cooling load for the zone,
defined = the rale at which ●ner~ must be
removed from the zone to maintt%i,) the air
temperature fixed at Its reference vfdue, is
calculated for each type of instantaneous heat

gain. (Heating Ioads and heal loses are merely
negative cooling loads and heal gains. ) The cooling
load from a particular scarce, such &S aoiar
radiation entering through windows, differs from
the instantaneous heat gain because some of the
radia[ion can be absorbed by walls or furniture and
stored for later release to the air. Heat-gain
weighting factors, one set for each type of heat

%ads from the instantaneous heat gains.
ain considered, are employed to calculate cooling

Qualitatively, these heat-gain weighting factors
are sets of parameters that determine how much of
the energy entering a room in a given hour is
stored and how fasl the stored energy is released
during later hours. Mathematically, Ihey are
coefficients in a z-transfer function between the
z-lrsmsiorrn of [he heat gain (Input) an.: [he
z-transform of the cooling load (OIIIPU1). The type
of heal gain (for example, solar rudiatlon entering
tl~rougll windows ss compared with ener~ Ironl
IIghls) can affect [he relative amounts of energy
stored. For this reason, the weighlmg factors for
each type of heu[ ga]n are different. Similnrly, the
construction of a room can Influence how much
incoming energy is stored and how r~pidly it is
rcieusecl, Thus dlfferenl rooms can have different
weigh[)ng ractors. At the ●nd of the first step, the
COOIIIIg IOSIdS from the various he~t gaim arc

summed IO give a total ccmling ioad for the room,

In [he second step of the calculallon, the total
ccmllng loud for a room, ●long wilh d~ln aboul the
hcMtillg, vontilatlng, and air-conditioning (H VAC)
system ●tlached to the room and ● aat of alr-
temperature wai~hllng factors, Is uad to calculate
thr actuMl heal-extraction (or addition) rate and
air temperature, The actual heat-extraction ratr
differs from the coollng load becausu, In practice.
the alr bsmperature varies from the reference
value used 10 wdculale the cooling load or because
of HVAC syslcm characteristics, Th? air-temperu -
Iurc welghling faclors ●re ●lso coefficients in a
z-transfer function between the z-transform of the
ne[ coollng lo~d (cooling load as calculated le~q any
hcut extraction rloI,c by the HVAC system) and the
z-lrwwform of the deviation of the alr tem-
perature from 1[s refe~ence value.

Welghtinu faclors reprasent an application of
z-transform melhods to the solution of differential
equations (6), The z-transform method t,as been
wlclely umwl for the solution of discr~te rnystems
(dlfferenct aquntlorm), particularly for ~mpled
dn!a. It Is n counterpart of the Laplace transforni
ss ●ppllecl to continuous systems (differentiu)
squat ions), For bulldlng anergy analysis, the

z-lransform method provides an approximate
solution 10 the differential equations descr; ~ing
heat transfer in a building.

Two general assumptions are made with all
weighting factors used in DOE-2. The first is thti[
the process modeled can be represented by linear
differential equations. This assumption is neces-
sary because heat gains from various sources are
calculated independently and summed to obtain the
overall resull (thal is, the superposition principle ;s
used). Therefore, nonlinear processes such es
natural convection and radiation must be
approximated line~rly. The second assumption is
tha[ system properties that influence the weighting
factors are constant (that is, they are not functions
of time or temperature), This requires that iterns
such as film coefficients and the distribution of
Incident radiation on surfaces be represented by
average values over the time of interest. Bolh
assumptions represent Imitations to the use of
weighting factors. The linearity assumption does
not represent a significant limitation at this time
because the processes involved, even radiation, can
be linearly approximated with sufficient accuracy
for most calculations. The assumption 01’ constant
properties can limit the use of weighting factors in
situations where impor~anl zone properties vary
during a calculation. Two examples are the
distribution of solar radiation incident on the
interior walls of a zone, which can vary hourly, and
film coefficients, which can vary with dlrect”ion of
heal flow or with air velocity.

There are many assumptions inherenl in the
precalculated weighting factors used in DOE-2,
When the user selects precalculated weighting
factors, he is accepting not only the ge, mrul
●ssumptions of linearity and consttsnt systcm
properties, but is also accepting the entire colI-
struction of the typ]ral rooms for the weigh ling-
factor calculation. TIIIS includes items such as the
construction and thermal properties of the walls,
window area arm orient s!tion, amount and descrip-
tion of furnl[ure, distribution of incoming solar
radiation, radiative properties (for example,
absorptivity) of the walls, interior film coeffl -
clcnts, and Iong-wavelength radlunl exctwngc. For
this re~son, the preca)culal~ weighting fac[ors
can only approximate lhc description of any
building zone.

In contrast, custom wclght Ing factors arc
calculated for a room using an at?tun] description
of the room. The methcx used In NE-2 is basud
on the developments of 7., 0. Cumall (7). L)lffercn[
zones In a bul)ding can use either precal ‘hated or
custom weighting fuctors during the same thermal -
Ioad calculation, The greatesl Irnprovcmenl thut
comes wllh custom weighting factors is In the usc
of actual building dnta for their deter mlnnllon,
This Is partlculurly Important for buildlngs tho(
differ rnlgnlflcantly froll) typicnl construction, WSCII
aY most buildings witl I passive-sola- fcntures,

For most residential and passive-sohsr buildings,
calculatkm of ltw envelope Iond and the soltir
contribution to thr Interior represmnt$ tho en!lrc



energy analysis. However, for commercial build-
ings, nn entire range of conditions can be
encountered from buildings dominsted by envelope
load to those dominated by inlerrml loads, such as
lighting, people, or ●quipment. Also, complex
HVAC systems that heat, reheal, and mix various
air streams are employed. DO E-2 can model an
entire commercial building from the inilial

- thermal-load calculation, through the HVAC
gYs,(em simulation, and subsequently to lhc bu,’ding

plant that ultimately supplies the heating and
cooling enemy. The improvement or 1he
thermat-load calculation in DO E-2 by tt,e addition
of custom weighting faclors allows features such

es direct-gain, passive components to be
sccurate]y mdeled in commercial builditlgs,

3. ~OMPARISONS WITH MEASURED DATA—

The original ir~-[us for developir~ custo”~
weighting factors came from poor agreement
bet ween air temperatures determined using
precalculated weightin~ factors in DO E-1 ~nd dut~
from the direct-g~in lest cell at LASL (3). Ltiter
cslcutalions using custom wcigtlllng f~clors v;cre
in good ssgrecmcnt with tes[-cell d~r,i (4).
Additional eompnrisons hHvc hecn mude usln~
cuslom wcighllng faclors in lK)F. -2i I lU n)oclcl lhc
pcrformtinct 01 vhrious buildlngs.

Hourly heH1-e XlrllCtlOn r~tes and ~lr tompcrulurcs
hssvc t.wcn n]cu.+urecl fur tI higlt-mass test house
built In (Iw N~tlolml Uurmlu of Slwldurds (N US)
environ mcntul rtmmtwr (II). The sin~le-foow
buildlng hnd 11.2II-III concrc[c WUIIS, u L’2-m
txmcrclc f!>or, mri n corwrrlc roof, all WIIII
exlerior insul~[ioll. II wus drlvun by a vHrylnK
exterior Iempcrulurr sililulnl In~ churrml sol-mr
Iempcraturc cyrles In SSIIIriI Arul~in. Figurr I sllow~
results of onc ttw’. iu WIIIISII Ihc indoor uir
Iemperatutc wsIs heir! ut upprnklmulrly ?4”r (75” F)
from 6p. m, (0 611. by N cooling syslrm.
Men.wrod ulr ..ernpcri, ~ures tsnd scIIsItJlc hclI!-
extrhction rales arc compnred wil h the N HS loads
progrum NBSLLI (Y) em+ :)011-2 culculnted results.
The agr~cnlent Is qulle gooa. Figure 2 shows
results from anoth:r 1s?s1on th~ asmr slruclure Ill
whml) night vclllilAllrm (I4 hir clmnfp prt hour)
was employed froln lo p.m. (0 Iin, m. TI!t,
calculated IS!- tcmpcruturrs from I)(JI: 2 Mrl, ill
Closo Mgrermerlt WIIII msussurcd dnlu and the
NHSI,l) rcsultsi

Hourly he~t-extrnctiJll ralcs hnvc IWCII mwmml
by N US frr IS tml house locntml )n t{ousloll. Texns
;8). Ihc housr is a convcnllouul wmd-frMlnc
structure with brick venerr und u shsb-on-grl,:i,
flcorm Figure 3 shows rmul ts or mcusurvd
heal-c xlrnclmn rates comp Mrwl wilh IN;.,2
calculatwsx, The mcusurcd dutM rrprwmlll the
rarrgc observed for n threr-rluy prrlml WIIII rill,osl
identical wenlher conditlom whilr Ihr illfcrior Iilr
t●nlpcms[urc w a% C(ultrolltql s!( 24, S-25,5”(”
(76-7 H”F’)i SoInc rlrlfl abuvr 7S, %”(’ (7 B’’I; ) wus
olmrrved it! Ihc Iatc mflcrnmnl, Thr 1)01’,- 2
cal@ulntwl resulls, which rcpresrnl hr#l-exlrhcllon
rale~ while air tempcrnlurrs w{ rc held in thr
24.5 -25.5°C range, are in gwml ●grecmcnl WIII1 ttw
manuwementw
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3. Compari&n of measured ●nd calculated
heal-extraction rates for the N ttS Houston test
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Fig. 4. ~onrpnrlwml bc(wccn messsurrf: (~lid
line) and rnlculntod (+) nir l@mpcratur~:s for ttw
Dove f%tslic~lion$ tsuildlrrg, February M} 15, IVUO.

compurlson belwecn meusured ●nd calcultIIL@ rslr
temperatures in the Soo-mz (55(11~-fi~) ware-
house for Februnry ttI-15, Itllll. ThF agreenn nt IS
germral Iy good. A ~lmllur compnrlwm for Itw
Of flCQ Lempcrnlures is not quilt as gOO(l:

differences up 10 4“(- were olmervcd, Th@ preueller
of the waler WM:I in Itlr Orrlt’w may havr
contributed to the dlffcrenres: however, II WBS
more likely caused by manual conlrol of vents
belween the waler wall and llw of flcc spnro thrr~
cannel now be modeled III IX)E-2.

A sllrocl-gain, ningle-fnmlly reslslence in 501NU I;c,
New Mexico, [hi’ ltulplI Wllliarnscn hourm (S0, has

also been monitored by LASL. The 120-m2
(1270 -f12) building k adobe construction wit h
exterior insula lion, ground- fl.~or and clerestory
windows, and a slab-on-grade floor, Figure 5 shows
a comparison between measured globs temper-
aldres and air temperatures calculated by DOE-2
for January 1P-22, 19&I. Although air temperatures
and globe temperatures cannot be directly
compared, they are generally close eacept, as
expect?d, under high-radiation conditions (mid-
day). Comparisons for a second five-day period
later in January are not as close as Fig. 5.
However, high ambient temperatures and clear
days probbbly led 10 an uncertain increase in
ventilation from open window. during this period
(u).

15
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10 1--.L- I
o 1:

lIM1(M:

Fig. 5. Comparisw bclwrcn measur~d g]o!)t,

tenwcrnturts (WIKI lint) and culrulHlcd RIr
lempcru[urcs (+) for 1IIC k illillnlsort houw’,
Junuury 18-22, ltlsII.

TIW DuE-2 computer pro~rnm C:III now US(. CIISIUIII
welghtlrig fnclors to crslmrlatc thertllnl low!+ SIIIC!
sir lcrnpcrntk’res III twildirlgs. AI1I1ouKII the
wcighllrlg. fHclor mrtlmt hus ccrlahl lIm il~ltlcns,
Comparisons I.wt wccn IX-)1:- 2,1 cnlculnlions hml
mcu~urccl CIIIIH irldn,olc II; III dlrcct-gliltl, pUSSIWC

Lrulldihgs cnrl bc acrurulcly mudelrd and 111111
nighl-vrntllnllvo coolir)~: Hnd walw wal!s curl br
tretrlml in an npprnkin)~lr mnlmcr,

This work was sponwmer! I)y [Iw US I)rpurtmon[ [If
Energy, Uffirr of thr Awdstrtnl Scrrrlllry for
Cormrrvat ion nnd Solnr Knrrgy. Tlw lllcuwlrwl dIIIII

for the Dovr Pul)llrn[lon:t lmlldin~ mId Ihr
W\llianlSOn house Wprr Cr)iivctwl by [, A.+1, { ;roul)
Q-II,

.,. .
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